Lemon essential oil is one of the most widely used natural flavours in the food and beverage industries. Knowledge of the enantiomeric ratio in flavours has gained relevance because they may indicate differences in their organoleptic characteristics or their authenticity. The study was carried out during the growth of the lemon fruit to evaluate the possible variations of the enantiomeric ratio of four characteristic terpenes: α-pinene, β-pinene, linalool and limonene. Two extraction methods were applied to extract the terpenes: simultaneous distillation-extraction at reduced pressure (V-SDE) and solid-phase microextraction; the results were equivalent whatever the method applied. In both cases, the target compounds were obtained from the lemon peel. Enantiomeric profiles were obtained by enantioselective multi-dimensional gas chromatography-mass spectrometry (enantio-MDGC-MS). Consistent enantiomeric ratios of α-pinene, β-pinene and limonene were observed; however, the enantiomeric ratio of linalool varied significantly according to the growth stage of the lemons in a spontaneous and natural way.
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Introduction
Citrus limon (L.) is a tree belonging to the family Rutaceae that produces lemon fruit (hereafter called lemon). Lemon essential oil, which is generally obtained by cold-pressing lemon rinds, is widely used as a flavouring agent by the food and beverage industries and is also used by the pharmaceutical and fragrance industries (1) . The composition of the volatile fraction of lemon oil has been well studied and characterized. This fraction is mainly composed of monoterpenes and sesquiterpenes, among which limonene is the major constituent, plus other volatile components, including aldehydes, ketones, acids, alcohols and esters (2) (3) (4) (5) .
In the field of flavours and fragrances, the interest in the study of enantiomeric distributions has increased because enantiomers can differ in their odour quality and odour threshold (6) (7) (8) . Moreover, the enantiomeric distribution is important because the chirality of its components can help to define the biosynthetic pathway of a component of a vegetal matrix and determine the authenticity or a possible adulteration of a product (9) (10) (11) . In addition, enantiomers may present different bioactivity (12) The aromatic profile depends on many factors, such as the genotype, chemotype, climatic conditions, season of growth, the part of the plant from which the volatile fraction was derived, among other factors, and may affect the flavour intensity (13) . In case of assessing the authenticity of flavouring on the basis of its enantiomeric composition, knowing the consistency of this composition in nature is essential (14) . Some studies have focused on the variation of the essential oil composition and its enantiomeric composition according to the season (15) (16) (17) , but to our knowledge, none have evaluated the dependence of the enantiomeric distribution on the growth cycle of a lemon fruit. Citrus fruits have three well-defined growth stages. During the stage I, which lasts approximately two months, cell division and slow growth occur. During stage II (four-to six months long), the fruits undergo a large increase in size due to water accumulation as well as cellular growth. Finally, during stage III (approximately seven months long), the rate of growth slows and the fruits begin a ripening process during which their colour changes from green to yellow (18, 19) .
The process used to extract an essential oil, as well as the analytical method applied, may modify the enantiomeric 
Simultaneous distillation-extraction at reduced pressure (V-SDE) procedure
With the goal of achieving a large surface/mass ratio and improving the rate of extraction, the lemon peels were removed from the fruits by scraping off very small pieces. Then, the pieces of lemon peel were weighed and placed in a 1-L flask to which 500 mL of double-distilled water were added. For extraction under reduced pressure, 5 mL of n-hexane from Sigma-Aldrich (Buchs, Switzerland) were placed in a 10-mL flask. The solvent generally used at atmospheric pressure is a mixture of pentane and dichloromethane, although for extraction under reduced pressure, the use of a solvent with a higher boiling point than that of these compounds is advisable to prevent the loss of the solvent through the pumping system (24) . The flasks containing the solvent and the lemon samples to be extracted were linked to a Likens-Nickerson apparatus, which was assembled in the low-density solvent configuration (25) . An electrically heated mantle was used to generate vapour distillation within the flask containing the sample. The flask containing the solvent was placed in a double-walled vessel and immersed in a polyethylene-glycol bath. This bath was heated using an external thermostatic system (Lauda, Lauda-Königshofen, Germany) that maintained the circulation of polyethylene glycol within the double wall, whereas the temperature of the bath was maintained using a feedback control system. These conditions were maintained throughout the 4-h extraction process.
A vacuum-pumping system (Telstar, Terrassa, Spain) was used to achieve an absolute pressure of 10.1 kPa. A Lauda (Lauda-Königshofen, Germany) cooling system was used; the temperature of the coolant (polyethylenglycol was also used) was maintained at −18 °C throughout the extraction process.
Solid-phase microextraction extraction (SPME) procedure
A set of experiments arranged through 2 3 factorial design was used to optimize the extraction by SPME using the Minitab software (Minitab 16; Minitab Inc., Minneapolis, USA). All experiments were carried out in triplicate; in addition, an analysis of variance was also performed. The least significant difference at p < 0.05 was calculated. Three factors were evaluated: temperature (40 or 60 °C), extraction time (15 or 20 min) and fibre coating (polydimethylsiloxane (PDMS) of 100 μm film thickness and divinylbenzene/carboxen/polydimethylsiloxane or distribution of monoterpenes. One option to avoid any change in the purity of the original enantiomers is to study the lemon fruit directly to prevent racemization. Techniques such as purge and trap (P&T), simultaneous distillation-extraction (SDE, also known as LikensNickerson method), liquid-liquid extraction (LLE), solid-phase microextraction (SPME) and stir-bar sorptive extraction (SBSE) methods have been widely applied to isolate and/or concentrate the volatile and semivolatile organic compounds (hereafter called VOCs) of essential oils and fruit samples. Enantioselective multi-dimensional gas chromatography (enantio-MDGC-MS), first described by Schomburg and co-workers (20) , is one of the most powerful techniques for accurately solving the individual enantiomers of chiral compounds within complex matrices. Due to the development of maltodextrin-based stationary phases for chromatographic columns, enantiomer separation has reached a very high level of efficacy (21) (22) (23) .
The objectives of this study were to determine the enantiomeric ratios of α-pinene, β-pinene, linalool and limonene in lemons during growth stages I and II and to compare two extraction methods, SPME and SDE at reduced pressure (hereafter called V-SDE). To prevent from any change in the composition of the four components studied, the aforementioned methods were applied to obtain these components from the lemon peel, without obtaining them from the lemon oil.
Enantio-MDGC was applied to separate and analyse the enantiomeric compounds. From the results obtained, any possible relationships between the chirality of the volatile compounds of the lemon and the different growth stages of the fruit were discussed.
Materials and methods

Plant material
More than 80 lemons from Catalonia (Spain), were collected from the same lemon tree (Citrus limon L. var Verna). Collection was carried out during the growth stages I and II, and between May and October, before starting the maturation process. Then, the lemons were analysed during the same day of collection or were stored frozen at −18 °C until they were analysed.
Reference compounds
The reference compounds R-(−)-linalool, R-(+)-limonene, R-(+)-α-pinene and S-(−)-β-pinene were purchased from Sigma-Adrich (Buchs, Switzerland) with enantiomeric purities between 98 and 99%. The racemic mixtures of linalool were purchased from Sigma-Aldrich (Buchs, Switzerland) and racemic mixture of limonene, α-pinene Table 1 . The best extraction temperature for β-pinene and limonene was 40 °C, while the best one for linalool was 60 °C; no differences were observed for α-pinene when the two temperatures were applied. Extraction time had no significant influence on any of the four compounds; therefore, 20 min was the extraction time chosen. Regarding the fibre coating, PDMS fibre was more effective for β-pinene while no significant differences were found between the rest of the three other target compounds. Based on these results, SPME conditions applied were: 40 °C, 20 min and a 100 μm layer of PDMS. A SPME holder and fibres from Supelco (Bellefonte, Pennsylvania, USA) were used to carry out the experiments.
To prevent racemization of the compounds under study, the VOCs were extracted from whole lemons using the SPME method. The lemon samples were placed into a flask of the appropriate volume, and the conditions previously described were applied. The fibres were conditioned prior to use by heating them at the injection port of the GC apparatus under the conditions recommended by the manufacturer. Owing to the large amount of terpenes of citrus fruit present in the glands of the flavedo, the surface of the lemons was perforated using a thin needle when needed to facilitate their release. After completing the extraction, the compounds were immediately desorbed from the fibre directly into the injector at 250 °C, using the splitless injection mode.
Enantioselective multi-dimensional gas chromatography-mass spectrometry (enantio-MDGC-MS) analysis
The enantio-MDGC-MS analyses were performed using two Varian CP-3800 chromatography systems (GC) that were connected to a Varian 4000 ion-trap mass spectrometer (ITMS) and using MS workstation 6.9 software (Varian, Walnut Creek, CA, USA).
The system consisted of a double oven. Using the optimal pneumatic adjustments, the selected fractions could be transferred from the first (achiral) column to the second (chiral) column using a heated transfer line.
GC-1
The first chromatographic system utilized was equipped with a split/splitless 1079 injector (Varian) and a flame-ionization detector (FID). A Deans Valco valveless system directed the compound to the GC2 system via deactivated fused silica tubing. A VF1-ms non-polar 100% dimethylpolysiloxane GC column (Varian, California; 15 m × 0.25 mm i.d., 0.25-μm thickness) was used. The injected volume was 1 μL when injecting V-SDE extracts. The temperature program was 70 °C, held for 5 min, and then increased to 125 °C at 10 °C/min. Helium was used as a carrier gas at a constant pressure of 20 psi in front injector and 16 psi in Deans switch; the split ratio was 1:10. The injector and FID temperatures were both 250 °C.
GC-2
The second chromatographic system was equipped with a split/splitless 1177 injector and a liquid CO2 capillary cold trap that froze the compounds before they entered the column. A cyclosil-β capillary column (30 m × 0.25 mm i.d., 0.25-μm thickness) coated with 30% hepatkis [2,3- 
Clara, CA, USA) was used. The temperature program used for analysis of α-pinene and linalool was 70 °C, held for 17 min, and then increased to 220 °C at a rate of 8 °C/min and the program for analysis of β-pinene and limonene was 70 °C, held for 26 min, and then increased to 100 °C at a rate of 10 °C/min. The constant pressure was 20 psi.
ITMS
The electron ionization mass spectra of the compounds under study were recorded at 70 eV of ionization energy. Using the full-scan mode, the mass range that was scanned was 30-200 m/z, at a rate at 0.5 s/scan. The temperature transfer line was maintained at 200 °C. Compounds were identified by comparing their mass spectra and retention times with those of the standard compounds. Additionally, Table 1 . relative peak areas a of target compounds determined by sPME-Gc-Ms.
a mean (n = 3). to separate α-pinene from linalool. Figure 2 shows the TIC (total ion current) of the enantiomer pairs of α-pinene and linalool. Figure 3 shows the TIC of the enantiomers of β-pinene and limonene. The two chromatograms were obtained from real samples studied in this work. When dealing with the separation of β-pinene and limonene, the cut was done very narrow in order to transfer only part of the sample due to the high concentration of limonene. As stated in the previous section, two different temperature programs had to be optimized to obtain the maximum separation of the chiral compounds. The resolution of the enantiomer pairs of α-pinene and β-pinene was improved using isotherms at 70 °C. This higher initial temperature eliminated peak broadening. The peaks of α-pinene and β-pinene were wider than those of limonene and linalool. This result was expected because a constant temperature can increase the peak width, whereas the peaks resolved under temperature ramping were narrower.
The resolution of the peaks of α-pinene, β-pinene and limonene was greater than 1.5 and that of the linalool peak was 1.3. A long analysis time was required to achieve these levels of separation. the mass spectra of the compounds studied were compared to those in the NIST 2012 Library using MSView software. The order of elution of the enantiomers was obtained from data reported in the literature (14, 26) and obtained through analysis of the commercial standards.
Statistical analysis
All of the experiments were performed in triplicate. The mean values, the standard deviations (SD) and coefficients of variation (CV) were determined. The mean values obtained for the experimental groups were compared using Student's t-test, with a p-value of ≤ 0.05 considered significant.
Results and discussion
Separation of target compounds
The chiral compounds selected for this study were those that are most abundant in lemon fruit (α-pinene, β-pinene and limonene), as well as one of the principal odorant compounds (linalool) (27) . As shown in Figure 1 , two injections with two cuts each one were done, the first one to separate β-pinene from limonene and the second one compounds (14, 30) . To avoid this high-temperature-induced racemization, SDE at reduced pressure (V-SDE) was tested. The minimum amount of lemon submitted to V-SDE weighed at least 10 g due to the extraction characteristics. The lemons were first subjected to extraction using the SPME technique, and the same lemons were subsequently extracted using the V-SDE technique. The percentage of the R enantiomers of α-pinene, β-pinene, linalool and limonene that were extracted using the V-SDE technique is shown in Table 3 .
Although the VOCs were extracted at low temperatures using the V-SDE technique, the peels had to be scraped off and added to water. Subsequently, the medium may have become acidic, which would particularly affect linalool, but this does not occur because no significant differences between the percentage of R enantiomers of α-pinene, β-pinene, limonene and linalool obtained using SPME or V-SDE were observed (Figure 4(a) and (b) ). Ruiz del Castillo et al. (2003) reported differences between the results obtained using SPME and SDE, but they employed SDE at atmospheric pressure. These results show that
Comparison of the two extraction methods applied, V-SDE and SPME
SPME is one of the recommended techniques to avoid racemization and generation of artifacts during processing, and it can be used to collect VOCs from live plants with minimal disturbance (28, 29) . As stated before, to prevent from racemization when obtaining the lemon oil, SPME was directly applied to the entire lemon fruit. The percentage of the R enantiomers of α-pinene, β-pinene, linalool and limonene that were extracted using SPME is shown in Table 2 . Samples of lemons ranging from 0.1 g to approximately 160 g (stages I and II) were analysed. In addition, more lemon samples with larger size were analysed, but they were discarded because they had started ripening (stage 3). SPME is a solventless and rapid method generating only one sample to be analysed whenever it is applied. Sometimes more than one analysis should be carried out and more amount of sample is necessary; this problem should be solved by V-SDE.
During SDE extraction at atmospheric pressure, the relatively high temperatures applied might cause a thermal generation of artefacts or racemization of some Table 2 . relative % of r enantiomer a in lemon fruit extracted by sPME.
a ±standard deviation (%) (n = 3). Table 3 . realtive % of r enantiomer a in lemon fruit extracted by V-sDE.
a ±standard deviation (%) (n = 3). isomer (S > 94%) and (R)-limonene accounted for approximately almost 99% of the limonene enantiomer content. The enantiomeric ratio of (S)-α-pinene to (R)-α-pinene in lemon fruit was approximately 73:27. Consequently, these volatile compounds can be used as indicators of the origin of essential lemon oil. These data are consistent with those reported in the literature (15, 17) . In contrast, the percentage of R-(−)-linalool decreased during the growth period, from 98 to 60% R. Therefore, linalool could not be considered a reference indicator.
Depending on their structures, compounds maybe more susceptible to generate their racemates. Based on the results shown in Figure 4 (a) and (b), it can be inferred that linalool is a compound more likely to undergo structural changes, probably due to its open structure and a tertiary allylic alcohol, whereas α-pinene, β-pinene and limonene have closed structures. Under specific conditions of pH and temperature, linalool may partially or completely racemise (31) . Linalool is an excellent example applying low pressure is essential to maintain the proper enantiomer distribution.
Relationship between the enantiomer distribution and the growth cycle of lemons
After checking the coincidence of the results obtained from both extraction methods, the discussion was mainly based on SPME; since this method requires a small amount of matrix (lemon). Due to the aforementioned reason, lemons with weight below 1 g could be extracted.
When the results obtained using both extraction techniques were analysed (Table 2) , it was found that the α-pinene, β-pinene and limonene enantiomer distributions of lemons did not nearly change during the growth cycle before the ripening stage was reached. Only, some slight variations can be detected in few of biggest lemons, probably because these fruits are in the beginning of maturation (stage 3). (S)-β-Pinene was the major β-pinene By means of enantio-MDGC the study and evaluation of enantiomeric distribution of α-pinene, β-pinene, linalool and limonene were carried out successfully during the lemon growth.
The consistency of the enantiomeric ratios of some of the chiral terpenes, such as α-pinene, β-pinene and limonene, during the growth of a lemon fruit (before ripening) was demonstrated. And, the most important, the variability of the linalool enantiomeric ratio was showed. This evolution occurs naturally and spontaneously before beginning the maturation process.
The study of evolution of linalool provides new information about products obtained from lemon and added in various foodstuffs, contributing to a better understanding of enantiomers evolution during lemons growth and, consequently, to a greater awareness of the enantiomeric biosynthesis of terpenes which allows studying the authenticity of lemon fruit. of a molecule with different odours depending on its enantiomer: the (3S)-(+)-linalool (coriandrol) enantiomer has a sweet, floral, herbaceous and petitgrain-like scent with citrus and fruity notes, whereas the (3R)-(−)-linalool (licareol) enantiomer has a woody, lavender-like aroma (27) . In addition, the odour threshold value of R-(−)-linalool is approximately nine times lower than that of S-(+)-linalool (32) .
Chemical compounds studied in this article
Racemization may occur during processing, extraction and storage, as well as due to non-enzymatic reactions such as autoxidation, photo-oxidation and acidity, among others. Several studies demonstrated that the time of harvest affected the composition of essential oils (13, 16, 33) . Fluctuations in the enantiomer ratios in lemon oil according to the season of harvest have been studied (17) .
In this work, the enantiomeric analyses were conducted without applying any type of prior treatment of the samples. This strategy allowed studying the direct relation between each enantiomer and the growth stage. In addition, the native profiles of the enantiomers could be studied.
There was a clear decrease in the R-linalool content as the lemons grew. The smallest lemon fruits in stage I contained more than 90% R enantiomers (the lemon weights ranged from 0.1 to 2 g). This value gradually decreased during stage II. When the lemon weighed approximately 60 g, they contained 60% R enantiomer. Because racemization did not occur during the extraction or analytical processes, it most likely occurred naturally during plant growth because the compounds were synthesized within an acidic matrix (31) or because of both biosynthetic pathways would have been operating (34) .
The enantiomeric distributions of certain compounds can be used as a tool for detecting adulteration, provided that the enantiomeric ratios remain unchanged in nature and during the extraction process. For this purpose, studies on the stability of enantiomers have been performed. Some of these studies showed that the enantiomeric ratios of linalool, α-phellandrene and β-phellandrene in lemon essential oil cannot be used as standard because a variable mixture of the two enantiomers of these compounds was always found (15) . However, this is the first study to report the enantiomeric distribution of linalool at the birth of lemon fruit and how it evolves or varies during lemon fruit growth up to the point of maturation.
Conclusions
The results obtained from V-SDE method showed it as an excellent technique to extract monoterpenes from lemon fruits without any noticeable modification of their enantiomeric distribution. This conclusion was assessed after comparing its results with those of SPME. 
